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ABSTRACT
We present a generic theoretical model for the structuring of a relativistic jet prop-
agating through the ejecta of a binary neutron star merger event, introducing the
effects of the neutron conversion-diffusion, which provides a baryon flux propagating
transversely from the ejecta towards the jet axis. This results naturally in an increased
baryon load structure of the outer jet with the approximate isotropic energy distri-
bution Eiso(θ) ∝ θ−4, which is compatible with the first gravitational wave and short
gamma-ray burst event GW170817/GRB 170817A observed at an off-axis angle of the
jet.
Key words: gamma-ray burst: general – plasmas – radiation mechanisms: thermal
– radiation mechanisms: non-thermal – stars: neutron – dense matter – diffusion –
gamma-rays: stars – X-rays: stars
1 INTRODUCTION
The observations of GRB 170817A/GW170817 both as a
gamma-ray burst (GRB) source (Abbott et al. 2017d; Gold-
stein et al. 2017; Savchenko et al. 2017) and as a gravita-
tional wave (GW) source (Abbott et al. 2017a,c) have pro-
vided, for the first time, substantial observational evidence
for having detected a GRB jet off-axis. The main argument
for this is that the distance determination based on the
GW observations (Abbott et al. 2017b) indicates that the
inferred isotropic-equivalent luminosity is several orders of
magnitude lower than that for most other short gamma-ray
bursts (sGRBs), although the GRB light-curve and spec-
trum are similar to those of a typical sGRB. Typical sGRBs
are known or inferred to be at much greater distances, and
hence they are likely to have been detected close to on-axis,
thus leading to much higher isotropic-equivalent luminosi-
ties. A detailed off-axis jet interpretation has been presented
by, e.g. Abbott et al. (2017d); Granot et al. (2017); Lamb &
Kobayashi (2018); Ioka & Nakamura (2018, 2019). Alterna-
tive explanations for the low isotropic equivalent luminosity
have also been considered by, e.g. Kasliwal et al. (2017);
Gottlieb et al. (2018); Nakar et al. (2018), mainly centering
upon the hypothesis of the gamma-ray emission being due
to the cocoon associated with the break-out of the sGRB jet
from the dynamical ejecta following the merger of the neu-
tron star binary which is thought to give rise to the GW and
sGRB event. Note that the afterglow observations, i.e. su-
perluminal motion in radio (Mooley et al. 2018b; Ghirlanda
et al. 2019) and the closure relation between the spectral
index and light curve slope (Troja et al. 2019; Mooley et al.
2018c; Lamb et al. 2019), indicate that a relativistic jet is
launched and successfully breaks out the merger ejecta (Na-
gakura et al. 2014; Hamidani et al. 2020; Hamidani & Ioka
2020), although the origin of the gamma-ray emission is not
settled yet.
The simplest considerations of an off-axis jet whose
isotropic energy Eiso and bulk Lorentz factor Γ has a top-hat
structure, i.e. an abrupt cut-off at a certain angle θ0, lead
to inconsistencies in the light of the observations of GRB
170817A, in particular the slowly-rising light curves of the
afterglows (e.g. Mooley et al. 2018a), confirming previous
suspicions that realistic GRB jets cannot have a top-hat pro-
file. Indeed, structured jets with Eiso(θ) and Γ(θ) were the-
oretically considered early on (Me´sza´ros et al. 1998; Zhang
& Me´sza´ros 2002), and have been shown to arise naturally
in hydrodynamical simulations (e.g. MacFadyen & Woosley
1999; Mizuta & Ioka 2013). The physical reason why the hy-
drodynamical and more recently also MHD simulations (e.g.
Tchekhovskoy et al. 2008; Kathirgamaraju et al. 2018; Fer-
na´ndez et al. 2019; Gottlieb et al. 2020) show such jet struc-
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2turing is the same for both long GRB jets emerging through
a stellar envelope and for short GRB jets emerging through
a dynamical debris outflow: the light, highly relativistic jet
interacts, at its outer edges, with a much slower, baryon-
loaded outer material which “pulls down” at the jet outer
edges, resulting in a jet with a faster inner jet core and an
increasingly slower outer sheath. This is a purely macroscop-
ical mechanism, which however does not take generally into
account baryon composition (electron fraction) and micro-
physical effects such as diffusion (Levinson & Eichler 2003).
The observations of GRB 170817A afterglows imply
that, in terms of a structured jet which is observed off-
axis, the angular energy distribution may be Gaussian (e.g.
Troja et al. 2019; Margutti et al. 2018; Lamb et al. 2019),
power-law (e.g. D’Avanzo et al. 2018; Ghirlanda et al. 2019),
hollow-cone (Takahashi & Ioka 2020b; Nathanail et al. 2020)
or spindle (Takahashi & Ioka 2020a). These afterglow obser-
vations only constrain the inner jet structure near the core
(Ioka & Nakamura 2019; Takahashi & Ioka 2020b), while
the outer jet structure, which is more relevant to the ob-
served gamma-ray emission, is not constrained well. Specific
hydrodynamic or MHD simulations of an sGRB jet moving
through the slow merger ejecta have so far not been detailed
enough to reliably obtain these angular structures.
In the present paper we present a theoretical model,
based on a microphysical effect, namely, neutrons diffusing
from the outer ejecta into the jet, which successively con-
vert into protons and back into neutrons through inelastic
collisions, diffusing towards the jet axis. This results in an
increased baryon load of the jet, greater in the outer regions
than in the inner regions, which naturally gives rise to an
isotropic energy structure Eiso(θ) ∝ θ−4 for the outer jet.
We discuss the cases where the neutron conversion-diffusion
can be essential for an interpretation of the gamma-ray ob-
servations of sGRB 170817A.
In §2 we present the basic model and its parameters. In
§3 we estimate the total number of neutrons picked-up by
the jet, while in §4 we discuss in more details the diffusion
of neutrons in the jet, and in §5 the resulting jet structure
and the implications for sGRB 170817A.
We use the usual notation for a quantity Q in CGS units
Q,x = Q/10
x.
2 THE SYSTEM
The configuration we consider is illustrated in Fig. 1. At
time t0 two neutron stars merge into a central engine that
can be either a black hole or a hyper massive neutron star
(HMNS). In the process, some portion of the total mass is
ejected in the form of an ejecta. First a dynamical ejecta is
emitted by shock and tidal effects during the merger, and
a wind or outflow (hereafter wind) follows, originating from
the accretion disk after a time of the order of the viscous
timescale. At some time tj after the merger, a bayon-poor
jet is launched from near the central engine (Paczynski 1986;
Goodman 1986; Eichler et al. 1989; Ioka & Nakamura 2018).
The jet needs to break through the surrounding ejecta
before expanding freely in the low-density ISM to emit
gamma-ray bursts (Nagakura et al. 2014). Whereas pro-
tons are forced to follow magnetic lines and therefore cannot
move much in the ejecta, neutrons are free to drift in from
Figure 1. Schematic representation of the system under con-
sideration, consisting of the central engine (black sphere), the dy-
namical ejecta (blue sphere) and the wind/outflow (light orange).
As the jet (in purple) propagates through the wind, it acquires
baryons loaded through its outer edges via neutron leakage. The
jet has a Lorentz factor Γj and opening angle θ0. Note that the
cocoon - the component produced by the jet interacting with the
wind and the dynamical ejecta - is not shown explicitly. We ar-
gue later (Sec. 3) that it is a reasonable approximation to forget
about the cocoon as far as the neutron leakage is concerned.
the outside into the baryon poor jet (Me´sza´ros & Rees 2000;
Levinson & Eichler 2003). As the jet propagates through the
ejecta, it gets baryon-loaded starting at its edges by neutron
pick-up through inelastic scattering with protons of the jet.
The incoming neutron is converted by the inelastic collision
into a proton that is then picked up along the magnetic field
of the jet’s flow. Note that this process has not been consid-
ered yet in hydrodynamical or MHD simulations.
The sub-relativistic ejecta is made up of three compo-
nents:
• The dynamical ejecta: we consider a mass Me ∼
0.01M expanding quasi-spherically (Hotokezaka et al.
2013) during the merger, caused by tidal and shock effects,
which constitutes the dynamical ejecta.
• The neutrino-driven wind: we assume that this is emit-
ted conically within an injection angle ψ ∼ 1 at a radius
r0 ∼ 107 cm (defined as the radius where the kinetic energy
flux equals the thermal energy flux in the wind), a time
tν ∼ 0.07 s
(
Mns
2.5M
)
r0,7
(
Lν,e
3× 1052 erg s−1
)−1
×
(
ξ
1.5
)−1(
Eν,disc
15 MeV
)−2
, (1)
after the merger (Perego et al. 2014), where Mns is the mass
of the HMNS, Lν,e is the total power emitted in electron neu-
trinos, ξ = (1 − cos(ψ))−1 and Eν,disk is the typical energy
of neutrinos emitted from the disc.
• The viscous outflow: The part of the accretion disk that
expands due to viscous heating is referred to as the viscous
outflow. It also expands out of the polar axis on viscous
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timescales t > tdisk, where the accretion time is given by
(Perego et al. 2014):
tdisk ∼ 0.3 s
( α
0.05
)−1(H/Rdisc
1/3
)−2(
Mns
2.5M
)−1/2
R
3/2
disk,7,
(2)
with α the parameter for the viscosity of the disk (α-disk
model), H the height of the disk along the polar axis and
Rdisk its radius. The viscous outflow is expected to be the
dominant ejecta as far as the total ejected mass is concerned
(Siegel & Metzger 2018; Shibata et al. 2017; Fujibayashi
et al. 2018, 2020).
• The combined wind near the polar axis: We model the
ejecta near the polar axis by a single wind emitted a time
tw after the merger with an opening angle ψ ∼ 1 rad from
a radius r0 ∼ 107 cm. This wind models the joint contribu-
tions of the neutrino-driven wind and the viscous outflow.
Unlike the dynamical ejecta, this matter is continuously in-
jected at the base of the wind. After the dynamical ejecta
is r -processed (about 1 s after the merger (Metzger et al.
2010)), the only place where neutrons exist significantly is
at the base of the wind. We therefore neglect the dynamical
ejecta as far as neutron leakage is concerned and turn our
attention to the wind’s dynamics.
2.1 The wind dynamics
From r0, we assume the velocity vw = βwc ∼ 0.1 c is con-
stant. The neutron injection process is also assumed to be
stationary, so that both r0 and the power injected at r0, Lw
(total two-sided power), are constant.
The assumption that the velocity is constant is an ap-
proximation that amounts to neglecting the transition re-
gion where thermal energy is transferred to kinetic energy.
Because of radioactive heating, this region is extended un-
til r -process ends. However, this occurs mainly in the range
r0 < r < 10 r0 (during the formation of α-particles which
is the dominant heating process), and we will see that the
baryon loading depends dominantly on the outer radii part
of the integral. Therefore, considering only the final value of
the velocity (when βw(r) appears in the integral - see later)
should yield the correct order of magnitude of the baryon
loading.
Baryon density
The conservation of baryon number as the wind expands
radially gives:
nb(r) = nb,0
(
r
r0
)−2
, (3)
where the baryon density at radius r0, nb,0, is obtained by
the conservation of the baryon flux:
mpnb,0βwc =
M˙
4pir20
ξ, (4)
M˙ is the total (two-sided) mass flux ejected into the wind,
whose fiducial value is taken so that a mass ∼ 0.005M
is ejected within ∼ 100 ms (to fit with the simulation of
the neutrino-driven wind in Perego et al. (2014)): M˙ ∼
1032 g s−1. As a result, the density in the wind is expressed
as:
nb(r) ∼ 2× 1031 M˙32r−27
(
ξ
1.5
)(
βw
0.1
)−1
cm−3 . (5)
Temperature
As for the temperature, it is given by the conservation equa-
tion of the entropy. Note that for the radii we are interested
in - where the wind is not r -processed yet - the expansion
is actually not adiabatic because entropy is injected by the
r -process (and formation of smaller nuclei before that, α-
process in particular). We define rr−pro the radius beyond
which the wind is r -processed.
For r0 < r < rr−pro, heat is modeled by a constant
power per unit mass Q˙0 ∼ 1019erg g−1 s−1 (Metzger et al.
2010). The equation for the entropy evolution of a shell of
wind with radial thickness δr in the observer frame expand-
ing radially then reads:
dS
dr
=
1
βwc
Q˙0
T
nb(r)mb 2piξ
−1r2δr, (6)
where S = 4a
3
T 3 2piξ−1r2δr is the entropy of the shell (the
entropy of the wind is dominated by radiation), mb is the
mass of a baryon and a = 4σ/c with σ the Stefan-Boltzmann
constant.
Then the temperature in the region where the wind is
not r -processed yet is:
Tw(r)
4 = T 40
(
r
r0
)−8/3
+ T 4Q
[(
r
r0
)−1
−
(
r
r0
)−8/3]
, (7)
where T 4Q =
3
5a
Q˙0
r0
βwc
nb,0mb, so that:
TQ ∼ 3× 109 K M˙1/432 r−1/40,7
(
ξ
1.5
)1/4(
βw
0.1
)−1/2
Q˙
1/4
0,19. (8)
Remember that r0 is defined as the radius where kinetic
and thermal energy densities are equal in the wind, and the
baryon flux is conserved:
aT 40 βwc ∼ 1
2
mpnb,0(βwc)
3 ∼ 1
2
M˙
4pir20
ξ(βwc)
2, (9)
which gives T0:
T0 ∼ 1010K M˙1/432 r−1/20,7
(
ξ
1.5
)1/4(
βw
0.1
)1/4
. (10)
For r/r0 > (T0/TQ)
12/5 ∼ 20 Q˙−3/50,19 r−3/50,7 (βw/0.1)9/5, the
following approximation is therefore relevant:
Tw(r) ∼ TQ
(
r
r0
)−1/4
. (11)
Once again, as we will see that the outer radii dominate the
neutron diffusion in the integral, we will use the expression
(11) to describe the radial structure of the wind tempera-
ture.
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The radius where the r -process ends is crucial to the baryon
loading of the jet by neutron leakage from the wind, because
the neutron density drops dramatically above this radius.
The r -process ends after a time ∆tr−pro ∼ 0.1−1 s (Metzger
et al. 2010; Martin et al. 2015). Neglecting the α-process
ignition radius, we find:
rr−pro,7 ∼ cβw∆tr−pro
107 cm
∼ 60
(
βw
0.1
)(
∆tr−pro
0.2 s
)
. (12)
From now on we define the dimensionless radius
y ≡ r
r0
. (13)
3 NEUTRON PICK-UP
In this section, we compute the total number of baryons
picked-up by a shell of the jet with radial thickness δr (in
the central engine frame) through neutron leakage from the
wind. This neutron injection is assumed, for simplicity, to be
stationary. The shell is emitted from the origin at t = tj+∆t
where tj is the time after the merger when the jet launch
starts. We take ∆t as the delay time of the shell behind the
tip of the jet.
For simplicity, we will also assume that ∆t > ∆tr, with
∆tr =
(yr−pro − 1)(1− βw)r0/c
βw
∼ 0.3 s
(yr−pro
100
)
r0,7
(
βw
0.1
)−1
.
(14)
This condition ensures that 1 + βw
1−βw
∆t
r0/c
> yr−pro, so that
every part of the wind relevant to neutron leakage has been
emitted after tj . This will turn out to be very convenient
when evaluating the neutron diffusion time.
The jet advance is accompanied by the formation of
a semi-relativistic cocoon which surrounds it. This cocoon
also expands beyond yr−pro for such ∆t (as it is advected
with the wind). This may bring an additional contribution
to the neutron leakage for radii bigger than yr−pro if the
cocoon (composed of wind and jet gas) is not r -processed
yet (which may be possible even beyond yr−pro because it
has been heated-up by energy injection from the jet), but
this contribution should be negligible due to the cocoon ex-
pansion into the dynamical ejecta. To make things simple,
we also suppose ∆t is such that the cocoon is already r -
processed.
Therefore, we consider that neutron leakage happens
exclusively between r0 and rr−pro, directly from the wind.
3.1 Neutron diffusion in the wind
The number of picked-up neutrons, as the shell moves a
distance dr is :
dδNpu(r,∆t) = JD(r,∆t)× 2pir sin θ0δrdr
c
. (15)
That is the flux of neutrons JD multiplied by the infinites-
imal external surface of the interface between the shell and
the wind, and the time to go a distance dr. Here θ0 is the
opening angle of the jet.
The neutron flux is given by the diffusive flux main-
tained by the elastic scattering of neutrons on protons in
the wind, that is, by a diffusion process where the jet is
equivalent to an absorbing wall (Levinson & Eichler 2003):
JD = K
∂nn,w
∂x
(x = xjet) , K = λnpvth, (16)
where K is the diffusion coefficient, λnp = 1/(np,wσel) is
the mean free path for a neutron colliding elastically with
protons and vth ∼ (3kBTw/mn)1/2 is the thermal speed of
neutrons in the wind. Here, nn,w, np,w and σel ∼ 30 mbarn×
(c/vth) ∼ 1 barn are the neutron density in the wind, the
proton density in the wind and the cross-section for elastic
scattering, respectively, and x is the cylindrical radius, that
is the distance from the jet axis.
Solving the diffusion problem gives a relation between
the flux of neutrons and the density gradient length scale l:
JD ∼ 1
2
λnpvth
nn,w(x =∞)
l
, (17)
where l is related to the time ∆tdiff (r) since neutrons at
radius r started leaking into the jet - that is the time since
the corresponding radius has been reached by the jet:
l = (λnpvth∆tdiff )
1/2. (18)
Note that the wind has a typical electron fraction Ye ∼ 0.2−
0.4 (for the neutrino-driven wind see Martin et al. (2015);
for the viscous outflow see Siegel & Metzger (2018)). The
corresponding expression for the neutron flux is then given
by:
JD =
1
2
∆t
−1/2
diff
√
λnpvth(1− Ye)nb , (19)
∼ 1032
(
r
r0
)−9/8
1− Ye
2
√
Ye
∆t
−1/2
diff M˙
5/8
32 r
−9/8
0,7
×
(
ξ
1.5
)5/8(
βw
0.1
)−3/4
Q˙
1/8
0,19 cm
−2 s−1. (20)
Note that we assumed that every incoming neutron is picked-
up, which is consistent with the estimate for the mean free
path of an incoming neutron before it collides inelastically
with a proton from the jet.
3.2 Baryon loading
For ∆t > ∆tr and r0 < r < rr−pro, the diffusion time ∆tdiff
depends on the radius as:
∆tdiff = (y − 1)r0/c
βw
. (21)
Then the infinitesimal number of baryons picked-up at each
step dr is, by substituting Eq. (20) into Eq. (15):
dδNpu(y) ∼ 3× 1043 δydy y−1/8(y − 1)−1/2θ0,−1 (22)
× r13/80,7
1− Ye
2
√
Ye
M˙
5/8
32
(
ξ
1.5
)5/8(
βw
0.1
)−1/4
Q˙
1/8
0,19.
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To compute the full baryon loading from neutron leakage of
the shell, we now integrate from the radius of injection (y =
1) to the radius where neutron leakage becomes negligible,
that is the r -process radius:
δNpu =
∫ yr−pro
1
dδNpu(y). (23)
Substituting Eq. (22):
δNpu ∼ 6× 1043 δy y−1/8r−pro
√
yr−pro − 1 (24)
× θ0,−1r13/80,7
1− Ye
2
√
Ye
M˙
5/8
32
(
ξ
1.5
)5/8(
βw
0.1
)−1/4
Q˙
1/8
0,19,
where we approximated y−1/8 by its value for the highest
radii y−1/8 ∼ y−1/8r−pro to evaluate the integral. With Eq. (12)
we find:
δNpu ∼ 4× 1044 δy θ0,−1r0,7 (25)
× 1− Ye
2
√
Ye
M˙
5/8
32
(
ξ
1.5
)5/8(
βw
0.1
)1/8
Q˙
1/8
0,19
(
∆tr−pro
0.2s
)3/8
.
We will take this value - which is the stationary value for
every shell of the jet after ∆t > ∆tr - as the fiducial value
for the baryon loading of the jet by neutron pick-up from
the wind.
4 DIFFUSION IN THE JET
The baryon diffusion towards the axis of the jet is crucial
for the final jet structure that arises as a consequence of
the neutron leakage. In this section, we first show that elas-
tic scattering has a short mean free path affecting only the
rim of the jet. Then we take into account the conversion of
protons into neutrons via inelastic scattering, the so-called
conversion mechanism (Derishev et al. 2003), which extends
the effective diffusion length affecting the jet structure. Since
this is the first time that the conversion mechanism is ex-
plicitly and quantitatively combined with the diffusion, we
coin the term conversion-diffusion model.
4.1 Elastic scattering
We temporarily assume that the neutrons which are picked-
up in the jet after having been converted into a proton
through inelastic scattering with a proton from the jet,
n+ p→ p+ p+ pi− → p+ p+ µ− + ν¯µ, (26)
cannot further scatter towards the axis of the jet. These
protons accumulate within the first mean free path and their
added mass results in a deceleration (a decrease of the radial
bulk Lorentz factor Γ) of that portion of the jet, so that
here the elastic scattering dominates the inelastic one. The
neutrons then diffuse elastically inside the decelerated part.
Once they reach the inner portion of the jet that is not
baryon-loaded yet, they get picked-up by inelastic scattering
with a proton from the jet. To estimate the thickness of
the pick-up ring (the part of the jet where the incoming
neutrons are picked up), we therefore need to compare the
time required for neutrons to elastically scatter across the
ring with the dynamical time.
Inelastic mean free path
We first discuss the dependence of the proton-neutron colli-
sion cross-section on the kinetic energy in the neutron iner-
tial frame. For kinetic energies superior to ∼ 1GeV, the elas-
tic cross-section is σel ∼ 10 mbarn and the inelastic cross-
section is σinel ∼ 30 mbarn (Tanabashi et al. 2018).
The typical Lorentz factor (of the relativistic proton)
under which inelastic collision becomes negligible is the pion
production threshold Lorentz factor γpi− , given by:
s2 = −(mp +mn +mpi−)2 = −m2p−m2n− 2γpi−mpmn, (27)
and hence
γpi− − 1 ∼ 0.31, (28)
with s the usual Mandelstam variable. As for the Lorentz
factor γel under which the initial collision between an in-
coming neutron and protons from the jet is more likely to
be elastic rather than inelastic, it is given by experimental
data (Tanabashi et al. 2018):
√
−s2 ∼ 2.5 GeV ∼ 1.35× (mp +mn)c2, (29)
with
s2 = (pn + pp)
2 = −m2n −m2p − 2γelmnmp, (30)
where the momentum of the proton and neutron have been
evaluated in the inertial frame of the neutron. Using mp ∼
mn, we get:
γel ∼ 2.6. (31)
If the Lorentz factor of the pick-up ring is such that 1 < Γr <
γel, the first collisions between an incoming neutron and
protons from the ring are more likely to be elastic. After a
few such collisions, the relative velocity between the neutron
and protons in the ring is reduced, so that the relative kinetic
energy becomes lower than the pion production threshold
(corresponding to γpi), leading to the shut down of inelastic
scattering. The effective relative Lorentz factor under which
neutron pick-up by inelastic collision is turned off is therefore
γel.
For the pick-up ring to be decelerated, we should com-
pare the baryon number of the initial pick-up ring with the
full baryon loading received through neutron pick-up (given
by Eq. (25)). To do so, we evaluate the initial mean free
path of a neutron before it is picked-up by inelastic scatter-
ing with a proton in the jet. Here we have Γr = Γj > γel,
so that an inwardly drifting neutron is most likely to be
picked-up from its first collision with a proton from the jet.
Once a neutron moving sub-relativistically in the trans-
verse direction has crossed the jet boundary it is exposed
to an orthogonal, highly relativistic radial flow of baryons.
In the laboratory frame (essentially the neutron rest-frame)
the corresponding average mean free path is:
λinel(r) =
βn,in(r)
np,j(r)σinel
, (32)
MNRAS 000, 1–16 (2019)
6where βn,in(r) is the transverse average inward velocity of a
neutron and np,j(r) is the proton density of the jet near the
boundary with the wind at radius r (in the lab frame). The
average inward velocity is found by considering an isotropic
thermal emission of neutrons from the wind at the border
with the jet:
βn,in(r) =
∫ pi/2
0
dθ cos(θ) sin(θ)
vth
c
=
1
2
vth/c (33)
∼ 0.017 y−1/8 M˙1/832 r−1/80,7
(
ξ
1.5
)1/8(
βw
0.1
)−1/4
Q˙
1/8
0,19,
(34)
where the last equality is derived from Eq. (11).
We assumed that the jet already has the total baryon
loading necessary for it to be matter dominated with Lorentz
factor Γj , and that it is homogeneous, so that the initial jet
baryon density in the lab frame is:
nj,0 ≡ δNj
piθ20r
3
0δy
=
Lj,iso
4pir20cΓj
∼ 2×1027 cm−3 Lj,iso,52Γ−1j,2r−20,7.
(35)
With Eq. (32), this gives the initial inelastic mean free path:
λinel,0 ∼ 3× 10−4 cm (36)
L−1j,iso,52Γj,2M˙
1/8
32 r
15/8
0,7
(
ξ
1.5
)1/8(
βw
0.1
)−1/4
Q˙
1/8
0,19.
The number of baryons initially in this ring of a shell with
radial thickness δy of the jet is δNj,0 = 2piθ0r
2
0λinel,0nj,0δy:
δNj,0 ∼ 4×1037δy M˙1/832 θ0,−1r20,7
(
ξ
1.5
)1/8(
βw
0.1
)−1/4
Q˙
1/8
0,19,
(37)
which is 7 orders of magnitude smaller than the estimated
baryon loading from neutron pick-up in Eq. (25). The ini-
tial pick-up ring will therefore slow down to Γr < γel very
fast (within y−1 1). Consequently, the dominant interac-
tion between incoming neutrons and protons from the initial
pick-up ring will become elastic scattering: the neutrons are
not effectively converted into protons via inelastic scatter-
ings. Because of this effect, we expect the location of the
new pick-up ring to steadily move towards the jet axis.
pick-up ring size
We are now in a position to estimate the size of the pick-up
ring at some radius y by equating the diffusion time across
the ring with the dynamical time of the jet:
tdyn(y) = y
r0
c
∼ 3× 10−4 s y r0,7 . (38)
We denote by τd the typical time necessary for a neutron
picked up at radius y to diffuse to a distance λpu(y) from
its original position after elastic scatterings in the pick-up
region. After a few elastic collisions, the neutron scatterings
become isotropic in the frame of the ring with bulk Lorentz
factor Γr. The value of τd is given by:
τd =
λ2pu
λel,rvth,r
, (39)
where the ring is now denoted by r and λel,r is the elastic
scattering mean free path in the pick-up ring. Note that
because we are interested in a displacement transverse to the
radial direction, λpu is the same in the ring inertial frame
and in the central engine frame. The elastic mean free path
is given by:
λel,r(y) =
1
nb,rσel
, (40)
with σel the elastic scattering cross-section and nb,r the
baryon density in the ring frame.
The number of picked-up neutrons necessary for the
Lorentz factor of the pick-up ring to decrease down to Γr
can be estimated by using the conservation of energy and
momentum. We model the neutron pick-up by a collision be-
tween the δNj,r baryons initially in the ring and the δNpu,r
picked-up (non-relativistic) neutrons. The conservation of
energy and momentum then gives (see for example (Piran
1999), section 8.1.1):
δNj,rΓj + δNpu,r = (δNj,r + δNpu,r + δeint/c
2)Γr , (41)
δNj,r
√
Γ2j − 1 = (δNj,r + δNpu,r + δeint/c2)
√
Γ2r − 1 , (42)
where δeint is the internal energy per unit mass generated
in the collision (in the rest frame of the merged mass). We
obtain the following relations:
δNpu,r = Γj
√1− Γ−2j
1− Γ−2r
− 1
 δNj,r , (43)
δeint/c
2 =
Γj
Γr
− 1 +
(
Γj
Γr
− Γj
)√
1− Γ−2j
1− Γ−2r
 δNj,r ,
(44)
so that the elastic mean free path can be written:
λel,r(y) = Γr
1 + Γj
√1− Γ−2j
1− Γ−2r
− 1
nj,0 y−2σel
−1 .
(45)
The last element we need is the thermal velocity in the
inertial frame of the pick-up ring. We expect the pick-up
ring to expand very fast against the wind (compared with
the dynamical time) until it reaches pressure equilibrium
with the wind. This means that lateral expansion happens
at fixed y. Because the relativistic velocity of the ring is
radial, the lateral pressure is the same in the wind frame
and in the ring inertial frame, which implies that the ring
should reach thermal equilibrium with the wind. vth,r can
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then be taken to be the thermal velocity in the wind - that
is 2βn,inc in Eq. (33):
vth,r(y)
c
∼ 0.034 y−1/8 M˙1/832 r−1/80,7
(
ξ
1.5
)1/8(
βw
0.1
)−1/4
Q˙
1/8
0,19 .
(46)
Note that this lateral expansion also has an impact on the
baryon density in the ring nb,r, that decreases inversely pro-
portionally to the expansion area, and therefore on the mean
free path λel,r in Eq. (40) that increases like the expan-
sion area. Because the angular size of the pick-up ring is
much smaller than θ0, λel,r is actually proportional to the
expansion ratio fexp of the initial pick-up ring size. Then
the square of the diffusion distance λ2pu increases propor-
tionally to fexp at fixed τd = tdyn from Eq. (39). Therefore
the equivalent pick-up ring size before lateral expansion de-
creases like f
−1/2
exp as the ring expands. We will refer to the
equivalent size before lateral expansion as “initial size”. It is
more convenient to use this initial size when discussing the
jet’s structure, so that unless explicitly specified, we deal
only with such quantities. Here, evaluating τd with fexp = 1
gives an upper bound on the pick-up ring initial size:
θpu(y)
θ0
≡ λpu
yθ0r0
(47)
. 4× 10−6 y3/8
r
3/8
0,7 θ
−1
0,−1L
−1/2
j,iso,52M˙
1/8
32
(
ξ
1.5
)1/8(
βw
0.1
)−1/4
Q˙
1/8
0,19,
where we used the fact that the Lorentz factor of the pick-
up ring should be smaller than γel. From yr−pro, radioactive
heating ceases in the wind, so that the temperature drops,
reducing the diffusion in both the wind and the pick-up ring.
yr−pro is therefore the relevant radius to evaluate the angular
size of the pick-up ring. We find
θpu(yr−pro)
θ0
. 4× 10−5 θ−10,−1L−1/2j,iso,52M˙1/832 (48)(
ξ
1.5
)1/8(
βw
0.1
)1/8
Q˙
1/8
0,19
(
∆tr−pro
1 s
)3/8
.
With this size, Eq. (43) tells us that the main pick-up ring
is not relativistic. More precisely, we find:
1− Γ−1r . 0.1
(
1− Ye
2
√
Ye
)−2
M˙−132
(
ξ
1.5
)−1
Lj,iso,52 . (49)
With the current assumption that neutrons become pro-
tons but protons do not become neutrons, the pick-up ring
would not be relevant to sGRB 170817A and its afterglow,
because most of the pick-up ring is non-relativistic. Purely
elastic diffusion fails to explain the jet structure observed in
GW170817 because the pick-up ring becomes saturated with
neutrons too fast, impeding them to go further towards the
core of the jet. However, in the next subsection we include a
process neglected up to now, that is the inelastic conversion
of protons into neutrons:
n+ p→ n+ n+ pi+ . (50)
This makes it possible for a conversion-diffusion process to
occur and drive baryons further towards the core of the jet.
Figure 2. Schematic representation of the conversion-diffusion
process. The purple region corresponds to the pick-up ring, with
the wind at the left, the thick purple arrows denoting the bulk
velocity of the jet. We follow here the trajectory of a specific
incoming neutron that has leaked from the wind. At 1, it collides
inelastically for the first time with a proton from the jet, and is
converted into a proton, which then follows the local fluid line of
the jet that goes together with a magnetic line. In this state it
is impossible for the proton to keep drifting orthogonally to the
radial direction. At 2, it collides inelastically with a neutron and
is converted back to a neutron. It can then keep drifting towards
the core of the jet until it collides again with a proton.
4.2 The conversion-diffusion model
The conversion mechanism has already been studied in other
contexts (Derishev et al. 2003; Kashiyama et al. 2013) but
here we apply it for the first time explicitly in the context
of the diffusion process. The principle is summarized in Fig.
2. The main difference with the elastic scattering diffusion
model is that protons can be converted to neutrons again,
and thus can diffuse further towards the core of the jet. Of
all the inelastic collisions that happen between protons from
the pick-up ring and incoming neutrons, there is indeed a
non-negligible fraction that results in the conversion of the
proton into a neutron. The latter is able to move transversely
to the radial direction, so that protons from the pick-up ring
are (in the form of neutrons) effectively able to continue dif-
fusing. This makes the diffusion process more efficient, es-
pecially as far as the relativistic part of the pick-up ring is
concerned. Note that this mechanism further implies that
the pick-up ring also fills up with neutrons, which are also
susceptible of scattering with the incoming neutrons elasti-
cally or inelastically, via
n+ n→ n+ p+ pi− , n+ n→ n+ n+ pi0 . (51)
For the conversion-diffusion process to be effective, the
relative Lorentz factor Γrel between cylindrical radii x and
x + λinel(x, y) - where λinel(x, y) is the inelastic mean free
path of neutrons emitted from x towards the jet’s axis -
should be sufficiently large for inelastic collisions to oc-
cur within the ring. In particular it should be such that
Γrel > γpi− , where γpi− is defined in Eq. (28). Note that the
Lorentz factor for the inward velocity of neutrons emitted
after a scattering event is also of the order of Γrel. There-
fore, in order for the inelastic scattering mean free path to
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the stronger constraint Γrel & γel, where γel is defined in
Eq. (31). A detailed analysis (not presented here) indicates
that the conditions in the conversion-diffusion pick-up ring
are such that Γrel does not depend strongly on x, and re-
mains close to γel. In what follows, we assume for simplicity
that Γrel is approximately constant equal to γel.
1 Then, the
mean free path for conversion-diffusion λinel imposes a typi-
cal variation scale for the Lorentz factor as a function of the
cylindrical radius from the axis of the jet:
Γ(x)− Γ′(x)λinel
Γ(x)
∼ Γrel +
√
Γ2rel − 1 , (52)
where we consider the region of the ring where Γ(x)2  1.
We get:
∣∣∣∣ Γ(x)Γ′(x)
∣∣∣∣ ∼ 1Γrel +√Γ2rel − 1− 1λinel(x, y) . (53)
Interestingly, the mean free path itself depends on the
Lorentz factor as (in annalogy with Eq. (45)):
λinel(x, y) ∼ Γ(x)
nj,0y−2σinel
1 +
(
Γrel +
√
Γ2rel − 1
)
Γj
Γ(x)√
1−Γ−2j
1−Γ(x)−2 − 1
1−
√
1−
(
Γrel+
√
Γ2
rel
−1
)2
Γ(x)−2
1−Γ(x)−2

−1
, (54)
where we used the generalization of Eq. (43)-(44) in the case
where the incoming neutrons at x come from the neighboring
ring with Lorentz factor Γ(x+ λinel),
δNin,r =
Γj
Γ(x+ λinel)
√
1−Γ−2j
1−Γ(x)−2 − 1
1−
√
1−Γ(x+λinel)−2
1−Γ(x)−2
δNj,r , (55)
δeint
c2
=
(
Γj
Γ(x)
− 1 (56)
+
(
Γj
Γ(x)
− Γj
Γ(x+ λinel)
) √ 1−Γ−2j
1−Γ(x)−2 − 1
1−
√
1−Γ(x+λinel)−2
1−Γ(x)−2
 δNj,r ,
together with Eq. (53) to find:
Γ(x−λinel) ∼ Γ(x)−λinelΓ′(x) ∼
(
Γrel +
√
Γ2rel − 1
)
Γ(x) ,
(57)
so that Γ(x + λinel) ∼ Γ(x)/
(
Γrel +
√
Γ2rel − 1
)
2. Note
that, unlike Eq. (43), the quantity δNin,r in Eq. (55) is not
the number of baryons picked-up in the sub-ring at x, but
1 Numerical results indicate that higher values of Γrel seem to
imply an enhanced diffusion. Considering Γrel = γel may there-
fore be a conservative choice.
2 Although we are not in a regime for which
the linear approximation (57) is very accurate
rather the number of incoming neutrons that collide with the
baryons in this sub-ring. Because of the reactions that have
neutrons as products, the latter number is expected to be
somewhat larger (by a factor . 3, as can be estimated in the
framework developed at the end of Appendix C) than the
pick-up number δNpu,r that sets the local baryon density.
For simplicity, this difference is ignored in Eq. (54) .
For Γrel = γel, Γj  Γ(x) and Γ(x)2  1, Eq. (54)
reduces to:
λinel(x, y) ∼ 15Γj
24Γ(x)2
nj,0y−2σinel
, (58)
which gives the typical profile for the Lorentz factor in the
pick-up ring for this type of diffusion with Eq. (53):
Γ(x, y) ∼
(
1 +
5
3
Γjnj,0y
−2σinel(rθ0 − x)
)1/2
. (59)
5 JET STRUCTURE AND IMPLICATIONS
FOR GRB 170817A
We now derive the resulting Lorentz factor and isotropic
equivalent energy structure after the jet breaks out of the
ejecta and the pick-up ring has expanded, in order to com-
pare it with GRB 170817A. Note that equation (59) is only
valid for Γj  Γ(x), that is sufficiently close to the bound-
ary with the wind. To obtain the exact solution to equation
(53), one needs to solve numerically the following equation:
Γ′(θ) = −nj,0r0σinely−1
1 + 5ΓjΓ(x)
√
1−Γ−2j
1−Γ(x)−2 − 1
1−
√
1−25Γ(x)−2
1−Γ(x)−2
 ,
(60)
where we changed variables from the cylindrical radius x to
the polar angle θ. Solving this equation gives the Lorentz
factor structure of the pick-up ring before the post-breakout
expansion (that is also before the first phase of lateral ex-
pansion against the wind due to the pressure of the ring
discussed in Sec. 4.1 and Appendix B). The result is rep-
resented in Fig. 3. Note that the Lorentz factor goes up to
5Γj (where Eq. (60) vanishes) instead of Γj in the jet core,
as shown by the blue dashed line. This is an artifact of the
fact that Eq. (60) gives the local behavior of Γ(x) which is
compatible with the conversion-diffusion process, but does
not take into account boundary effects (which are subject to
uncertain assumptions). Nevertheless, the boundary effects
do not modify the solution for Γ(x) < 100, and since the
main emitting region for the signal observed at θv should
have Lorentz factor Γ ∼ 10, the blue dashed solution shown
in Fig. 3 should be appropriate for describing the relevant
off-axis structure. A corresponding solution enforcing a cor-
rect initial value of Γj is shown as a full blue line in the same
(
as
∣∣∣ Γ(x)Γ′(x) ∣∣∣ ∼ 1Γrel+√Γ2rel−1−1λinel(x, y)
)
, one can check
that locally the resulting error on Γ(x + λinel) is less than 30%
in the solution represented in Fig. 3.
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Figure 3. Lorentz factor in the pick-up ring as a function of the
polar angle. We choose y = yr−pro and Γj = 1000, ∆tr−pro = 1s
and θ0 = 0.08 rad. The dashed blue line represents the solution
of Eq. (60) and the full blue line the solution obtained from im-
posing that the Lorentz factor go to Γj in the jet core (we do this
concretely by removing the leftmost 1 in the right hand side of
Eq. (60)). The exact solution should be somewhere between these
plotted lines. As discussed in the main text, though, either choice
yields the same result for the off-axis structure at the relevant
angles.
figure. Note also that the former choice is an upper bound
on the real solution and is therefore conservative.
After the post-breakout expansion, each ring with a
Lorentz factor Γ expands from the initial angle θr(Γ) to an
angle θr+1/Γ. The Lorentz factor angular dependence right
after expansion is therefore given by:
Γ(θ) =
1
θ − θr(Γ) . (61)
Then thermal energy is converted into kinetic energy in the
expanded ring, so that Γ(θ) is accelerated to Γf (θ). Accord-
ing to the estimate in Eq. (C4), the thermal energy is compa-
rable to the rest mass energy in the pick-up ring. So Γf ∼ Γ,
and Eq. (61) gives the final Lorentz factor distribution. The
resulting structure for the Lorentz factor after expansion is
represented as the blue dashed line in Fig. 4. Again, as noted
before, the dashed blue line Lorentz factor goes up to 5Γj
instead of Γj in the jet core, due to the fact that the final
Lorentz factor structure is derived from the initial structure
plotted in Fig. 3. As we discussed there, this inconsistency
near the jet axis does not influence the part of the structure
that is relevant to the off-axis GRB, being a conservative
choice. A corrected solution is shown with the full blue line.
For a single component of the pick-up ring initially at
angle θr from the jet’s axis, the isotropic equivalent en-
ergy changes after expansion like: Ej,iso → |θrdθr/((θr +
Γ−1)dθf )|Ej,iso. With θr(Γ) given by equation (59), we de-
duce:
Eiso(θ) ∼ 6Γ(θ)
4
5Γj
θ0yr−pro
nj,0σinelr0
Ej,iso . (62)
Figure 4. Lorentz factor structure after expansion of the pick-up
ring, for Γj = 1000, ∆tr−pro = 1s and θ0 = 0.08 rad. The dashed
blue line represents the solution from Eq. (60) and the full blue
line the solution obtained from imposing that the Lorentz factor
go to Γj in the jet core (we do this concretely by removing the
leftmost 1 in the right hand side of Eq. (60)). It is pretty clear on
this figure that either choice yield the same result for the Lorentz
factor structure at the relevant angles with Γ ∼ 10.
Note that this approximation is valid for large angles3. The
general solution is obtained from Eq. (60).
Off-axis emission
We follow Ioka & Nakamura (2019) to derive the observed
isotropic equivalent energy Eoff at viewing angle θv after
taking into account the off-axis emission outside the beaming
angle. Equation (11) in their paper gives a relation with
Eiso(θ):
Eoff (θv) =
∫ pi/2
0
sin(θ)dθ
2
Eiso(θ)B(θ, θv) , (63)
where the beaming parameter is defined by:
B(θ, θv) ≡
∫ pi
−pi
dφ
2pi
1
Γf (θ)4(1− β(θ) cos θ∆)3 , (64)
=
1
2Γf (θ)4
2(1− β(θ) cos θ cos θv)2 + (β(θ) sin θ sin θv)2
(1− β(θ) cos(θv + θ))5/2(1− β(θ) cos(θv − θ))5/2 ,
(65)
where Γf is defined in Eq. (61) and θ∆ is the angle between
the point at (θ, φ) and the line of sight at (θv, 0), which
obeys:
cos θ∆ = sin θv sin θ cosφ+ cos θ cos θv . (66)
3 From Eq. (60) the derived structure is actually defined only for
Γ & 5. For larger angles we propose to extrapolate the structure,
assuming Eq. (62) still holds there. This choice is itself a part
of our structure model and may in principle be replaced by a
faster transition to a steep decline. Numerical simulations would
be a way of getting insight on the right choice for the large angle
structure.
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Figure 5. Isotropic equivalent energy structure as a result of
neutron conversion-diffusion from the wind and the lateral ex-
pansion after the jet breakout from the ejecta (blue line). Values
for the parameters are written above, where k is the fraction
of the jet’s energy that goes into the kinetic energy of baryons.
The red line indicates the observed isotropic equivalent energy
for sGRB 170817A and the orange dotted line is the integrated
off-axis emission at the observation angle. The 1-σ constraints on
the observation angle θv are represented in green.
Note that, due to compactness considerations (Matsumoto
et al. 2019a,b), the region of the structured jet that con-
tributes to the observed signal of GRB 170817A may be
smaller than in Eq. (63). Because we check that the region
near the jet core is negligible to the off-axis emission, the
off-axis emission computed here should be at worst slightly
overestimated.
Fig. 5 shows the result for the gamma-ray isotropic
equivalent energy structure as a function of the viewing an-
gle for Γj = 1000. We assumed a uniform gamma-ray effi-
ciency γ ∼ 0.1. Constraints on the viewing angle are taken
from Mooley et al. (2018b).
It is apparent from this figure that taking only neutron
diffusion cannot explain the observed GRB 170817A for a
purely baryonic top-hat jet. In this case, the pick-up ring is
too thin to affect the emission of sGRB 170817A.
Neutron diffusion in a structured jet
In contrast to the top-hat case, the neutron diffusion is ef-
ficient if the jet core is structured and its density is low
at the boundary with the wind. Because of its compatibil-
ity with the slow rise of the afterglow light curves associ-
ated with GW170817, we consider a Gaussian structure for
the jet core isotropic energy. Note that the afterglow obser-
vations constrain the jet structure only near the jet core,
not in the outer part around the line-of-sight (Takahashi &
Ioka 2020b). The bulk Lorentz factor structure is assumed
to be described by a power-law. The structure is therefore
parametrized as follows:
Ek,iso,core = E0 exp(−θ2/2θ20), (67)
Γcore =
Γmax
1 + (θ/θ0)λ
. (68)
Figure 6. Isotropic equivalent energy structure for a Gaussian
jet core with Lorentz factor Γmax = 1000 and angular size
θj = 0.15 rad (full light cyan line). Values for the parameters
are written above. The dotted orange line corresponds to the in-
tegrated off-axis emission. We also plot the observed isotropic
equivalent energy for sGRB 170817A (red line), the jet-core Gaus-
sian structure (dashed blue line), the corresponding full Gaussian
structure for comparison with neutron pick-up (dashed grey line)
and the 1-σ constraints on the observation angle θv in green.
We further define θj as the angular size of the jet core. We
should note that a weak outer jet is stripped during the
propagation through the ejecta before the breakout because
the weak jet head is much slower than the main jet head
and the cocoon pressure is also high. However after the jet
breakout, the cocoon pressure decreases drastically and the
weak jet can keep its structure.
We then consider the outer structure induced by neu-
tron diffusion on such a Gaussian jet core. In this case, be-
cause neutron diffusion is only sensitive to the density and
Lorentz factor very close to the boundary with the wind
(the precise condition is that the pick-up ring size θpu is
such that Γ′core(θj)θpu  Γcore(θj) ), the parameters Γj
and Ej,iso in Eq. (62) correspond to the Lorentz factor and
the isotropic equivalent energy of the Gaussian jet core at
the boundary angle θj , respectively. Fig. 6 shows the corre-
sponding isotropic equivalent energy profile for a core with
θ0 = 0.045 rad, E0 = 10
52 erg, Γmax = 1000, λ = 3 and
θj = 0.15 rad. Note that near the boundary with the wind,
we then have Γj ∼ 30 and Ej,iso ∼ 1048 erg.
We see that with this structure for the jet core, the
off-axis emission from the neutron-diffusion-induced struc-
ture dominates the Gaussian structure and is consistent with
GRB 170817A, at the viewing angle consistent with the ob-
servations within 1 sigma error. This means that if the jet
core has a structure, neutron diffusion could be essential for
explaining the sGRB170817A observation.
Furthermore, the power-law behavior for the neutron
diffusion structure in Eq. (62) Eiso,f ∼ θ−4 (thick light blue
line in Fig. 6) is shallower than any Gaussian jet, and also
than the best power-law fit of Ghirlanda et al. (2019), where
they find a power s1 ∼ 5.5+1.3−1.4. This means that neutron
pick-up is not only a good candidate scenario for the jet
structure of sGRB170817A, but should also be the domi-
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Figure 7. Isotropic equivalent energy structure as a result of
neutron diffusion from the wind and the lateral expansion af-
ter the jet breakout from the ejecta for a magnetized jet with
k = 0.4 (blue line). Values for the parameters are written above.
The red line indicates the observed isotropic equivalent energy
for sGRB 170817A and the orange dotted line the integrated off-
axis emission at the observation angle. The 1-σ constraints on the
observation angle θv are represented in green.
nant contribution at larger angles, even if the jet structure
near the axis is due to some other phenomenon.
Magnetized jet
From Eq. (62) for a top-hat jet, we see that the observed
isotropic equivalent energy scales proportionally to the in-
verse of the initial baryon density in the jet nj,0 (which cor-
responds to the fact that the diffusion length in the jet λinel
has this scaling). The neutron diffusion model is therefore
sensitive to the magnetization of the jet, that is the frac-
tion of the jet energy that goes into the magnetic field -
or inversely, the fraction of the jet energy that goes into
the kinetic energy of baryons, which we denote k. It is then
worth investigating the magnetized regime k < 1 (Me´sza´ros
& Rees 2011), which is not unnatural if the jet is launched
through a Blandford-Znajek mechanism. Fig. 7 shows the
corresponding isotropic equivalent energy profile for k = 0.4
and Γj = 1000.
In this case, the off-axis emission from the jet is consis-
tent with GRB 170817A at a viewing angle consistent with
the observations within 1-σ error. It can be checked that
the angular separation between the main emitting region
and the observation angle is consistent with the constraint
imposed by compactness considerations (from Matsumoto
et al. (2019b)) - typically 0.1 rad.
6 SUMMARY AND DISCUSSION
In this paper we proposed a model for the structure of the
jet observed in GW170817, arguing that this structure may
be the consequence of the pick-up of neutrons leaking from
the ejecta into the jet. Studying the diffusion of neutrons
into the jet, we first showed that the baryon loading is dom-
inated by picked-up neutrons very close to the boundary
between the wind and the jet. We argued that consider-
ing elastic scattering as the only diffusion process of picked-
up neutrons towards the center of the jet fails to explain
a jet structure compatible with observations. Then we con-
sidered the neutron-proton conversion mechanism and the
corresponding conversion-diffusion mechanism (see Fig. 2),
which speeds up the inward neutron diffusion drastically.
We finally estimated the observed isotropic equivalent en-
ergy of the emitted photons and compared this with the
observational data for sGRB 170817A. The conclusion is
that neutron conversion-diffusion induces a relatively shal-
low power-law structure Eiso ∼ θ−4 (from Eq. (62)), which
always dominates the outer structure for a Gaussian-like jet.
We showed that the neutron conversion-diffusion in a non-
magnetized top-hat jet is not effective for explaining sGRB
170817A. However the neutron conversion-diffusion can be
essential for determining the generic jet outer structure, and
in particular sGRB 170817A, if the jet core is structured
with a sufficiently weak tail, e.g. a Gaussian, or if the jet is
magnetized, because the density of the jet is effectively low
at the boundary in these cases. Future detailed numerical
simulations would be desirable to substantiate some of the
analytical arguments presented here, one of the things to
check being the importance of turbulent convection in the
transfer of baryons in comparison to the conversion-diffusion
effect.
We emphasize that the neutron conversion-diffusion by
itself cannot explain the observed afterglow which puts con-
straints on the structure of the jet core (if the jet is not
magnetically-dominated), but it could be the origin of the
structure from which the prompt GRB is emitted. Because
the inferred structure is relatively shallow compared with the
current models used to discuss the afterglow light curves, the
effect of neutron conversion-diffusion discussed here actually
dominates the off-axis emission at large angles.
Finally, we point out that the detection of off-axis
sGRBs and afterglows in the future should make it possible
to test our model. In particular, the observation of the
(shallow Eiso,f ∝ θ−4) outer structure would be a strong
argument in favor of this neutron conversion-diffusion
model.
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APPENDIX
APPENDIX A: JET MODEL AND
PARAMETER CONSTRAINTS
The jet is assumed to be kinematically dominated, de-
scribed by the standard fireball model (e.g., Piran (1999);
MA˜l’szA˜ ↪aros (2006)) except for the magnetized jet case.
We denote by tj the time after the merger when the jet is
launched. We suppose that it is already matter dominated
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at r0. Also, we assume that the main baryon loading of the
jet has already taken place before neutron leakage from the
wind and that it is homogeneous for a top-hat jet. Note that
for this assumption to be consistent, we will need to check
that the total baryon loading from neutron leakage is negli-
gible compared with the total baryon number in the jet.
The afterglow observations put constraints on the
isotropic energy of the jet, the opening angle of the jet, and
the viewing angle between the line-of-sight and the jet axis
(Troja et al. 2019; Mooley et al. 2018b; Ghirlanda et al. 2019;
Hotokezaka et al. 2019; Wu & MacFadyen 2019). The ranges
considered correspond to 1-sigma intervals of confidence.
• Ek,iso: the on-axis kinetic isotropic equivalent energy.
It typically lies in the range Ek,iso ∼ 1052− 1053 ergs . Note
that it does not give directly the isotropic equivalent energy
associated with the gamma-ray burst emission. The latter is
obtained after multiplication by the gamma-ray conversion
efficiency γ , that is generally estimated to be of the order
of 0.1
• θ0: the jet’s opening angle.
• θv: the observation angle, measured from the axis of the
jet. This parameter is not a parameter of the jet model but
it is crucial for modeling the gamma-ray burst observation.
Ref. log10(Ek,iso) θ0 θv
T 52.47+0.81−0.56 0.079
+0.026
−0.024 0.56
+0.16
−0.16
Tgw 52.80+0.89−0.65 0.059
+0.017
−0.017 0.38
+0.11
−0.11
M, G 52.4+0.6−0.7 0.059
+0.017
−0.017 0.26
+0.026
−0.017
H - - - - 0.29+0.02−0.01
H - - - - 0.30+0.02−0.02
W 52.5+1.16−1.35 0.11
+0.03
−0.02 0.529
+0.129
−0.072
Table A1: Constraints on the jet parameters. The abbreviations
used for the references are the following: T = (Troja et al. 2019)
using the afterglow alone, Tgw = (Troja et al. 2019) including the
LIGO constraints on the inclination angle using the Planck value
of H0, M = (Mooley et al. 2018b), G = (Ghirlanda et al. 2019),
H = (Hotokezaka et al. 2019), W = (Wu & MacFadyen 2019).
Note that the reference H appears twice, depending on whether
the jet model is gaussian or power-law.
APPENDIX B: EXPANSION OF THE PICK-UP
RING AGAINST THE WIND
In this appendix, we estimate the expansion factor of the
pick-up ring in the conversion-diffusion model, after it ex-
pands against the wind under its internal pressure. To do so,
we first evaluate the internal pressure at a cylindrical radius
x in the pick-up ring before expansion, where the Lorentz
factor is Γ(x). Due to neutron pick-up, the pick-up ring is
radiation dominated, with a pressure given by
Pr(x, y) =
1
3
δeint
δVringframe
, (B1)
in the local inertial frame, where δeint is given by Eq. (56).
Note that the transverse pressure of the ring does not depend
on the frame because the ring moves radially. We consider
the relativistic component for which Γ(x)2  1, such that:
Pr(x, y) ∼ 2Γj
9Γ(x)2
y−2nj,0mpc
2 (B2)
∼ 6× 1023erg cm−3 Γj
Γ(x)2
y−2 Lj,iso,52Γ
−1
j,2r
−2
0,7 ,
(B3)
where we used that δNj,r/δVringframe = nj,0/Γ(x). Note
that we also assumed Γj  Γ(x), which gives an upper
bound on δeint in Eq. (56) and is therefore a conserva-
tive choice for evaluating the expansion of the pick-up ring
against the wind.
As for the internal pressure in the wind which is itself
radiation-dominated, it reads:
Pw(y) =
1
3
aT 4w ∼ 1
3
aT 4Qy
−1 (B4)
∼ 2× 1023erg cm−3 y−1 M˙32r−10,7
(
ξ
1.5
)(
βw
0.1
)−2
Q˙0,19,
(B5)
where Tw in Eq. (11) is the wind temperature and TQ is
given by Eq. (8).
Finally, we can estimate the local expansion factor
gexp(x) in the pick-up ring by requiring that after expan-
sion, the internal pressure should be the same at every x
and equal to the wind pressure. As argued in Appendix C,
the internal energy evolves proportionally to the inverse area
as the ring expands. Supposing that the angular size of the
ring remains much smaller than θ0 (which should be eventu-
ally checked), the expansion is essentially one-dimensional,
such that:
gexp(x, y) =
Pr(x, y)
Pw(x)
(B6)
∼ 3× 102 1
Γ(x)2
y−1 (B7)
Lj,iso,52M˙
−1
32 r
−1
0,7
(
ξ
1.5
)−1(
βw
0.1
)2
Q˙−10,19 .
And the expansion factor fexp for the total pick-up ring
reads:
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fexp(y) =
1
Lr,i
∫ Lr,i
dx gexp(x, y) (B8)
= 〈gexp(x, y)〉r,i
∼ 3× 102
〈
1
Γ(x)2
〉
r,i
y−1 (B9)
Lj,iso,52M˙
−1
32 r
−1
0,7
(
ξ
1.5
)−1(
βw
0.1
)2
Q˙−10,19 ,
where Lr,i is the initial size of the pick-up ring, the integral
is performed over the initial pick-up ring, as well as the aver-
age. We then use that the Lorentz factor profile in the initial
pick-up ring is typically given by Eq. (59) to find that:
〈
1
Γ(x)2
〉
r,i
∼ log(Γ
2
j )
Γ2j
, (B10)
so that for Γj & 30, the pick-up ring as a whole typically
does not expand against the wind before breakout. Note
that, from Eq. (B6), sub-rings with Γ(x) . 10 are expected
to expand. We check in Appendix C that it does not prevent
the ring from expanding after breakout.
APPENDIX C: CONSISTENCY CHECKS
Here we check that the resulting structure for the pick-up
ring is consistent with the results and hypotheses from the
previous sections. In order to do so, we should make sure that
on the one hand it is not in contradiction with our results for
the baryon loading resulting from neutron leakage, and on
the other hand that the ring is able to expand after breakout
from the ejecta.
Baryon number
In this model of diffusion, the pick-up ring should be com-
posed of a non-relativistic component near the border with
the wind where incoming neutrons scatter elastically, fol-
lowed inwards by the relativistic component where the
conversion-diffusion process takes place.
For a consistent model, we need to check that the num-
ber of baryons picked-up in the relativistic part δNpu,r is
negligible compared to the total number given by Eq. (25).
This is estimated as an integral over the cylindrical radius:
δNpu,r(y) =
∫ xf
xi
nb,r(x)2piyr
2
0θ0δydx ,
∼
∫ xf
xi
Γj
2Γ(x)2
2pinj,0y
−1r20θ0δydx ,
∼ 3
5
∫ Γj
Γ0
dΓ
Γ
2pir20θ0σ
−1
inelyδy ,
∼ 6piθ0r
2
0
5σinel
log(Γj)yδy ,
(C1)
where the integral is performed for convenience in the lab
frame, but the value does not depend on the frame. We used
Eq. (43) in the limit Γ2j  Γ(x)2  1 between the first and
the second line, and Eqs. (53) and (58) to go from the second
to the third line. At yr−pro, we finally get:
δNpu,r(yr−pro) ∼ 4× 1041 δy r0,7θ0,−1(
1 +
log(Γj,3)
3 log(10)
)(
βw
0.1
)(
∆tr−pro
0.2s
)
,
which is indeed much smaller than the estimated total num-
ber of baryons that drift into the jet from the wind in Eq.
(25). As expected, the majority of picked-up baryons goes
into the non-relativistic elastically-scattering-neutron com-
ponent, which is not relevant for the isotropic equivalent en-
ergy structure. Interestingly, as long as the total number of
picked-up baryons is sufficiently larger than δNpu,r(yr−pro),
the resulting Lorentz factor and isotropic equivalent energy
structure will not depend on this number. This means in
particular that the precise composition of the wind and its
initial dynamics do not have an influence on the observed
structure in this model (apart from the r -process duration
∆tr−pro).
Lateral expansion before breakout
For each part of the pick-up ring with Lorentz factor Γ(x) to
expand to an angle 1/Γ after the breakout from the ejecta,
the sound speed
√
∂p
∂ρ
- with ρ the mass density - should be
sufficiently close to its relativistic value
√
1
3
. The condition
is for the internal energy density to be larger than the iner-
tial mass energy density. In the single shock approximation
(equations (55) and (56)), the internal energy per unit vol-
ume u of a part of the pick-up ring with Lorentz factor Γ(x)
is given by:
u ∼ δNj,rmpc
2
δVringframe
(
Γj
Γ(x)
− 1 (C2)
+
(
Γj
Γ(x)
− Γj
Γ(x+ λinel)
) √ 1−Γ−2j
1−Γ(x)−2 − 1
1−
√
1−Γ(x+λinel)−2
1−Γ(x)−2
 ,
∼ δNj,rmpc
2
δVringframe
2Γj
3Γ(x)
, (C3)
where we assumed Γj  Γ(x) and Γ(x+λinel)2  1 (we do
not consider the sub-relativistic pick-up ring which is any-
way irrelevant for the structure). Using Eq. (55) with the
same assumptions, we have before the pre-breakout expan-
sion:
u
nb,rmpc2
∼ 1 , (C4)
where nb,r = δNpu,r/δVringframe. After the pre-breakout
lateral expansion, the radiation energy density of the radia-
tion dominated ring changes like uf ∝ (Σf/Σi)−1ui (see for
example equation (13) in (Bromberg et al. 2011)), where Σ
is the cross section of the ring, and indexes i and f refer to
the initial and final quantities, respectively.
By conservation of the baryon number, the ratio of
the initial baryon density over the final one is also in-
versely proportional to the ratio of the cross sections, so that
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Figure C1. Schematic representation of the pick-up ring in the
conversion-diffusion model. The pick-up ring is divided into the
non-relativistic pick-up ring near the boundary with the wind -
where incoming neutrons scatter elastically - and the relativis-
tic pick-up ring where conversion diffusion happens. We divide
the latter into sub-rings labeled 1, 2, . . . , n at radii x1, x2, . . . , xn
starting from the outer edge, and such that xi+1 = xi−λinel(xi).
u/(nb,rmpc
2) ∼ 1 is the same before and after expansion, as
long as the expanding ring is collimated by the wind. Each
part of the pick-up ring can therefore expand to an angle
∼ 1/Γ(x) after the ring breaks out of the ejecta.
Timescale constraints
We finally check that the conversion-diffusion process is
not altered by timescale considerations, corresponding to
the diffusion time being smaller than the dynamical time.
Usually the diffusion time to cross a distance nλinel(x) is
∼ n2(λinel(x)/cβ) where λinel(x) is the mean free path.
However, it is not ∝ n2 (diffusive) but close to ∝ n (ballistic-
like) in our problem. The argument goes as follows.
We consider the situation illustrated in Fig. C1: the rel-
ativistic pick-up ring (where the conversion-diffusion hap-
pens) is divided into sub-rings labeled 1, 2, . . . , n at radii
x1, x2, . . . , xn starting from the outer edge, and such that
xi+1 = xi − λinel(xi). We further define δN i0 the number of
baryons initially in the i-th ring, δN ipu the number of neu-
trons picked-up in the i-th ring, βi the neutron fraction in
the i-th ring and δN iin the number of incoming neutrons at
the i-th ring. The possible interactions of a neutron coming
Figure C2. Probability tree in ring i, summarizing the possible
interactions between a neutron coming from ring i−1 (located to
the left of the figure) and a nucleon in ring i. In blue are indicated
the reacting and product particles, and in black the probability of
each branch. Whereas the first branches correspond to the choice
of the nucleon interacting with the incoming neutron, the follow-
ing 7 branches indicate the probability for each product.
Figure C3. Evolution of the neutron fraction in ring i, βi, as a
function of δN iin from the solution of Eqs. (C13)-(C15) for αinel =
0.5, δN i0 = 10
38δy and various initial values of βi indicated in the
legend for each curve. We end the integration when δN ipu = δN
i
0,
which happens before the end of pick-up for the region of the
pick-up ring relevant to the jet’s structure (where Γ . 10).
from ring i− 1 with nucleons of ring i are
n+ p→ n+ p , (elastic) with cross− sectionσel,p
n+ p→ n+ p+ pi0 , with cross− sectionσ0,p
n+ p→ n+ n+ pi+ , with cross− sectionσ+
n+ p→ p+ p+ pi− , with cross− sectionσ−,p
n+ n→ n+ n , (elastic) with cross− sectionσel,n
n+ n→ n+ n+ pi0 , with cross− sectionσ0,n
n+ n→ n+ p+ pi− , with cross− sectionσ−,n ,
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and we further define the total inelastic cross-sections
σinel,p ≡ σ0,p + σ+ + σ−,p , (C5)
σinel,n ≡ σ0,n + σ−,n . (C6)
As the precise experimental data for nucleon-nucleon scat-
tering in the inelastic regime is not available, we assume for
concreteness:
σel,p = σel,n ≡ σel , (C7)
σ0,p = σ0,n ≡ σ0 , (C8)
σ−,p = σ−,n ≡ σ− , (C9)
σ0 = σ− + σ+ . (C10)
These assumptions are expected to be reasonable due to
approximate isospin symmetry of the strong interactions.
Again for concreteness, we assume that
σ+ =
1
2
σ− , (C11)
which implies that the total inelastic cross-sections for (n, p)
and (n, n) scatterings are such that
σinel,n =
5
6
σinel,p . (C12)
Then, if we denote αinel
4 the probability for an (n, p) scat-
tering to be inelastic, the probability tree is given by Fig.
C2. This yields in turn the following system of differential
equations for the baryon numbers in the pick-up ring:
dδN ipu
dδN iin
= (1− βi)
(
1− αinel
2
+
7
12
αinel
)
(C13)
+
1
6
βiαinel ,
dβi
dδN iin
=
1
6(δN ipu + δN
i
0)
(C14)(
(1− βi)
(
3− αinel
2
− βi
(
3 +
αinel
2
))
−βi(1 + βi)αinel
)
,
dδN i+1in
dδN iin
= (1− βi)
(
1− αinel
2
+
5
12
αinel
)
(C15)
+βi
(
2
3
αinel + 1− 5
6
αinel
)
.
where we assume for simplicity that αinel can be treated
as a constant, equal to its final value. This assumption is
justified by the fact that most neutrons are captured when
Γrel (and therefore αinel) is close to its final value. In each
reaction, half of the emitted neutrons are scattered away
from the jet’s axis. These back-scattered neutrons are con-
sidered to be picked-up, as they are targets for the incoming
neutrons. They could in principle leave the i-th ring and
reach inner regions of the jet on diffusive timescales, so that
δN i+1in and δN
i
pu may receive corrections from the diffusive
exchange of neutrons within the pick-up ring. As can be seen
on Fig. C3 though, the neutron fraction in the pick-up ring
(after pick-up is over) is expected to be roughly equal to
the proton fraction, so that the diffusion of back-scattered
neutrons is not expected to modify much the pick-up ring
4 αinel is an increasing function of Γrel. In particular, for Γrel =
γel, αinel = 1/2, where γel is defined in Eq. (31).
structure. Also, the further diffusion of neutrons actually
makes conversion-diffusion more efficient, so that ignoring
such diffusion is a conservative approximation. This is the
reason why we consider the conversion-diffusion to be essen-
tially ballistic-like.
As we showed in appendix B that the pick-up ring does
not expand under its internal pressure against the wind be-
fore breakout if Γj & 30, the diffusion time at cylindrical
radius x reads:
τ c−dd =
∫
dx
v⊥(x)
∼ λ
c−d
pu 〈Γ〉
c
, (C16)
where λc−dpu is the typical size of the pick-up ring (the su-
perscript “c-d” referring to conversion-diffusion to distin-
guish from the elastic scattering case) and the average of
the Lorentz factor is over the pick-up ring. Imposing that
the diffusion time is smaller than the dynamical time in Eq.
(38) gives a constraint on the size of the pick-up ring:
λc−dpu
r
<
1
〈Γ〉 , (C17)
and using that the Lorentz factor profile in the pick-up ring
is typically given by Eq. (59):
λc−dpu (y)
r
∼ 3Γjy
5nj,0r0σinel
, (C18)
〈Γ〉 ∼ 2
3
(
λc−dpu
)1/2(5
3
Γjnj,0y
−2σinel
)1/2
∼ 2
3
Γj , (C19)
so that
λc−dpu (y) 〈Γ〉 (y)
r
∼ 2Γ
2
jy
5nj,0r0σinel
(C20)
∼ 5× 10−3 y Γ3j,3L−1j,iso,52r0,7. (C21)
The latter quantity is upper-bounded by the value at the
r−process radius yr−pro:
λc−dpu 〈Γ〉
r
(yr−pro) ∼ 2 Γ3j,3L−1j,iso,52
(
βw
0.1
)(
∆tr−pro
1 s
)
,
(C22)
so that the condition (C17) is obeyed and the diffusion time
may be smaller than the dynamical time for typical param-
eters.
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